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The need for more compact and more efficient heat exchangers in the aerospace, automotive, and HVAC&R 
industries has led to the development of heat exchangers that utilize minichannel or microchannel tubes coupled 
with louvered fins. In this study, a finite volume, steady-state evaporator model that includes rectangular 
minichannel and microchannel tubes with louvered fins and headers was developed and validated in Matlab. The 
model provides the user with the option to select from multiple published correlations for calculating the air-side and 
refrigerant-side heat transfer and pressure drop within each control volume. Model validation was performed using 
the experimental data presented in Wu and Webb (2002), Yun et al. (2007),  Qi et al. (2009) and Shi et al. (2011). 
The average error between the predicted and actual cooling capacity for these four studies was 8.54%, 12.62%, 
4.94% and 7.93%, respectively, with an average deviation of 8.5% (n = 29).  It should also be noted that the range of 
examined cooling capacities in this validation was fairly large (i.e. 325 W to 40,850 W), and the simulation under-
predicted the cooling capacity with approximately the same frequency as it over-predicted it. 
 
The model was then used to explore the thermal-hydraulic performance of two ternary refrigerant mixtures—
namely, R-125/R-32/R-161 (34%/15%/51%) versus R-22 and R-125/R-143a/R-161 (45%/40%/15%) versus R-
404A. The physical properties of these refrigerant mixtures were estimated using REFPROP 9.0 and (where 
possible) verified by actual experimental property data. Constant mass flux conditions of 60, 80 and 100 kg/m
2
s 
were used for these simulations. It was found that the heat transfer rate per surface area of the simulated evaporator 
containing R-125/R-32/R-161 (34%/15%/51%) was more than 58% higher than that of R-22 for the same mass flux 
for 1.7 mm < Dh < 3.7 mm. The refrigerant-side pressure drop of this mixture was also simulated over this range of 
Dh and found to be comparable to the pressure drop for R-22 at 60 kg/m
2
s and only slightly higher than R-22 at 80 
and 100 kg/m
2




Minichannel and microchannel tube evaporators are used in thermal management applications because of their 
compactness, relatively high heat transfer coefficients and increasingly low cost. Evaporators that utilize 
minichannels or microchannels exhibit high surface-to-volume ratios which can reduce the refrigerant charge and 
the overall size of the heat exchanger (Kandlikar and Grande, 2003). Heat transfer coefficient increases as the 
channel hydraulic diameter decreases— signifying improved thermal-hydraulic performance for minichannels and 
microchannels when compared to conventional channels or tubes (Kandlikar, 2007). Cost savings associated with 
minichannel and microchannel heat exchangers stem from performance enhancement, low refrigerant charge, and 
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lower space requirements. Thus, minichannel and microchannel heat exchangers usually exhibit an increased 
economic advantage over their conventional counterparts. 
 
Relatively few studies have been published concerned with the numerical modeling of minichannel and 
microchannel evaporators for air and R-134a. Wu and Webb (2002) developed a computer program based on an 
analytical model for predicting the performance of a brazed aluminum evaporator under dehumidification 
conditions.  Jiang et al. (2006) developed a simulation and design tool to aid in the design and analysis of air-to-
refrigerant-heat exchangers. Yun et al. (2007) numerically analyzed a microchannel evaporator using the finite 
volume method and existing correlations developed for microchannel heat exchangers.  Qi et al. (2009) utilized 
simulation and experimentation studied a two-slab evaporator with minichannel tubes and louvered fins. Shi et al. 
(2011) experimentally studied the performance of microchannel evaporators with different manifold (header) 
structures.   
In this study, a finite volume, steady-state evaporator model focusing on evaporator geometries that include 
rectangular minichannel and microchannel tubes with louvered fins was developed and validated using published 
data for air and R-134a.  The data was drawn from Wu and Webb (2002), Yun et al. (2007), Qi et al. (2009) and Shi 
et al. (2011). The model was developed in part to explore the thermal-hydraulic performance of experimental 
ternary refrigerant mixtures R-125/R-143a/R-161 (45%/40%/15%) and R-125/R-32/R-161 (34%/15%/51%). These 
refrigerants constitute non-toxic, low GWP, and low ODP alternatives to some of the current established pure 
refrigerants. In Asia, for example, the ternary mixture R-125/R-32/R-161 (34%/15%/51%) has been proposed as an 
alternative refrigerant to R-22 and R-407C (Han et al., 2007). R-125/R-32/R-161 (34%/15%/51%) has similar 
physical properties to R-407C while exhibiting an ODP of 0 and a lower GWP than R-22 and R-407C. In related 
works, Xuan and Chen (2005) proposed the ternary refrigerant mixture R-125/R-143a/R-161 (45%/45%/10%) as an 
alternative to R-502, and Han et al. (2007) studied the refrigerant mixture R-125/R-143a/R-161 (45%/40%/15%) as 
a possible lower GWP alternative for R-404A.  The numerical evaporator model developed in this work was used to 
compare thermal-hydraulic performance of R-125/R-143a/R-161 (45%/40%/15%) vs. R-404A and R-125/R-32/R-
161 (34%/15%/51%) vs. R-22.  
2. NUMERICAL METHODS 
 
2.1 Cooling Capacity Analysis 
The methodology for calculating the cooling capacity and outlet temperatures for each tube volume begins by 
calculating the overall surface efficiency 
 
 (1) 






Because water can condense onto the fin surface, the enthalpy driving potential method is adopted as shown in Wu 
and Webb (2002) to calculate the overall heat transfer coefficient, UA.  The overall heat transfer coefficient is then 
related to the total thermal resistance, which is a summation of the refrigerant, tube wall and air-side thermal 
resistances, through the equation 
 
 (3) 




the slope of the air saturation curve between the outside and inside tube wall temperatures is given by bp and the 
slope of air saturation curve between the mean water film temperatures is given by bw,m. If the temperature of the air-
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side surface (Tf) is greater than the dew point temperature of the air passing over the volume element, the volume is 
considered to have a dry surface and br, bp and bw,m are set to 1.  
The overall heat transfer coefficient (UA) is sensitive to the refrigerant-side heat transfer coefficient (hr) and the air-
side heat transfer coefficient (ha). Gnielinski (1976) is used to calculate the heat transfer coefficient for single phase 
flow. The two-phase heat transfer coefficient is calculated using Peters and Kandlikar (2007). This flow boiling 
correlation developed for microchannels and minichannels is dependent on the convection number (Co), boiling 
number (Bo), Froude number (Frlo), and the fluid-surface parameter (FFL). Peters and Kandlikar (2007) list FFL as 
1.63 for R-134a. Greco and Vanoli (2005) can be used to estimate FFL when calculating the heat transfer coefficient 
of a refrigerant or refrigerant blend that does not have an established fluid-surface parameter value. The dry and wet 
air-side heat transfer coefficient is calculated using the Colburn j factor for dry air-side heat transfer as defined by 
Park and Jacobi (2009a) and the Colburn j factor for wet air-side heat transfer using Park and Jacobi (2009b). The 
cooling capacity is calculated using the effectiveness-NTU method and is given by  
 
 (5) 
where ε is the effectiveness function for a cross-flow heat exchanger with both fluids unmixed.  
 
2.2 Refrigerant-Side Pressure Drop 
Fluid pressure is subject to change due to friction betw en the refrigerant and the tube wall, gravitational effects due 
to tube orientation, and the acceleration/deceleration of the flow due to phase change.  The total pressure drop of a 
two-phase flow is the sum of the pressure drops associated with frictional losses, gravitational losses, and flow 
acceleration/deceleration and is given by 
  
(6) 
In this program, a separated flow model was used to account for both phases and their effects on the pressure drop. 
Using this approach, the pressure drop of the two-phase flow due to frictional losses can be defined as 
  
(7) 
where G represents the total mass flux and 
  
(8) 
and the two-phase multiplier, v, is calculated as shown below using the Chisholm parameter, C, and the Lockhart-
Martinelli parameter, X, such that 
  
(9) 
where C is calculated using Field and Hrnjak (2007).  The pressure drop due to gravitational effects is dependent on 
the tube orientation.  Tube orientation is captured by the tube angle  as shown below: 
  
(10) 




When the refrigerant reaches a single phase superheated state, the refrigerant pressure drop is given by 
 
 (12) 
where f is the Fanning friction factor as defined by Gnielinski (1976). 
 
3. RESULTS AND DISCUSSION 
 
3.1 Model Validation 
Model validation was performed using the data presented in Wu and Webb (2002), Yun et al. (2007), Qi et al. 
(2009) and Shi et al. (2011). The evaporator geometries and operating conditions used in these four benchmark 
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studies are listed in Table 1. Experimental data, evaporator geometries and operating conditions were interpreted 
from figures or calculated based on available information in cases where data was not explicitly stated in the original 
publication. The results shown in Figs. 1 and 2 illustrate that the numerical model can be used to predict the overall 
cooling capacity and refrigerant-side pressure drop of microchannel and minichannel evaporators with a reasonably 
high level of accuracy. The average error between the predicted and actual cooling capacity for Wu and Webb 
(2002) (n = 12), Yun et al. (2007) (n = 3), Qi et al. (2009) (n = 6) and Shi et al. (2011) (n = 8) was 8.54%, 12.62%, 
4.94% and 7.93%, respectively, with an average deviation of 8.5% (n = 29).  
Additionally, for Wu and Webb (2002) (n = 12), Qi et al. (2009) (n = 6) and Shi et al. (2011) (n = 8), the average 
error between the predicted and actual refrigerant-side pressure drop was calculated and found to be 25.7%, 4.19%, 
and 19.63%, respectively, with an average deviation of 16.5% (n = 26).   
 
Table 1: Evaporator geometries and inlet conditions  
 
 
Wu and Webb (2002) Yun et al. (2007) Qi et al. (2009) Shi et al. (2011) 
Tube Length (m) 0.7585 0.657 0.221 0.2207 
Channel Width (m) 0.0018 0.00153 0.00115 0.00125 
Channel Height (m) 0.0018 0.00153 0.00115 0.00125 
Number of Channels (m) 12 7 14 16 
Number of Slabs 2 1 2 2 
Number of Tubes per Slab 18-54, 18-54 7 24, 24 24, 24 
R-134a Mass Flow (kg/s) 0.239 0.0167 0.027-0.0441 0.03-0.039 
Air Mass Flow (kg/s) 1.418 0.0217-0.0395 0.082-0.164 0.144 
R-134a Inlet Temperature (K) 274.3-276.3 279.65 275.4-279.6 273.82-275.8 
R-134a Inlet Pressure (kPa) 304.9-327.5 368.5 318-368 300-322 
R-134a Inlet Quality 0.25 0.05 0.3519-0.3748 0.381 
Inlet Air Temperature (K) 298.15 293.15 300.15 300.15 
Inlet Air Pressure (kPa) 101 101 101 101 




Figure 1: Predicted cooling capacity vs. measured cooling capacity for Wu and Webb (2002), Yun et al. (2007),  
Qi et al. (2009) and Shi et al. (2011) 
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Figure 2: Predicted refrigerant-side pressure drop vs. measured refrigerant-side pressure drop for Wu and Webb 
(2002), Qi et al. (2009) and Shi et al. (2011) 
 
A few observations can be gleaned from these figures. First, the range of validated cooling capacities is rather large: 
325 W to 40,850 W. Second, for these comparisons, the simulation appeared to slightly under-predict the cooling 
capacity with about the same frequency as it slightly over-predicted cooling capacity. (i.e. There was not a 
consistent under-prediction or over-prediction of the data.)  Third, the accuracy of these predictions was generally 
within the accuracy of the empirical correlations that were used in the model.  Overall, reasonable agreement was 
found in each case with the best agreement occurring for Qi et al. (2007) where the average error was 4.94% when 
predicting cooling capacity and 4.19% when predicting refrigerant-side pressure drop. The larger error associated 
with the Wu and Webb (2002) refrigerant-side pressure drop predictions could stem from the relatively large 
refrigerant flow rates utilized by the authors while conducting these experiments, whereas the error associated with 
Shi et al. (2011) may be the result of the deflector plates with accompanying throttle holes that were inserted into the 
inlet and outlet headers in this study as well as the return manifold between the slabs of the evaporator.   
3.2 Environmental Impact of Proposed Ternary Mixtures 
New refrigerants and refrigerant mixtures have recently been developed and proposed to meet the specifications of 
the Montreal Protocol. R-125/R-143a/R-161 (45%/40%/15%) and R-125/R-32/R-161 (34%/15%/51%) constitute 
non-toxic, low GWP, and low ODP alternatives to R-404A and R-22, respectively. However R-125/R-143a/R-161 
(45%/40%/15%) and R-125/R-32/R-161 (34%/15%/51%) are considered flammable along with R-404A due to the 
inclusion of R-32, R-143a and R-161. Table 2 lists the GWP and flammability of the refrigerant mixtures. Because 
published values could not be found for some of the proposed refrigerant mixtures, the GWP of these mixtures were 
estimated by calculating a weighted average using the mass fraction of each pure substance within the mixture and 
the known GWP values of each pure substance. The weighted average method was described as an acceptable 
method when the actual GWP of a mixture is unknown (Washington Department of Ecology, 2012).  
 
 
Table 2: GWP and flammability of the refrigerant mixtures  
 
Name R-404A  R-125/R-143a/R-161 R-22 R-125/R-32/R-161 
Mass Fraction (44%/52%/4%) (45%/40%/15%) - (34%/15%/51%) 
GWP100 † 3260 - 1700 - 
GWP100 † 
(weighted average ) 
3260 2781.8 - 1055.62 
Flammable Components Yes Yes No Yes 
† GWP100 values published by the Washington Department of Ecology 
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3.3 Property Estimation of Ternary Refrigerant Mixtures and their Components 
R-125/R-32/R-161 (34%/15%/51%) and R-125/R-143a/R-161 (45%/40%/15%) are nearly azeotropic. In zeotropic 
(and in nearly azeotropic) refrigerant mixtures, the refrigerant components boil off at different rates and the mixture 
composition is continually changing.  With an azeotropic refrigerant mixture, however, the composition remains 
constant during boiling. The numerical model created in this work was designed to model the fluid flow of a single 
component fluid in one or two phases.  The mixtures in this study were modeled as pseudo-fluids with one 
temperature, pressure and quality.  The physical properties of a refrigerant must be known and tabulated to be used 
in conjunction with the numerical evaporator model.   
 
A limited amount of data is available for the saturation pressure, density, specific heat and latent heat of R-125/R-
143a/R-161 (45%/40%/15%) and R-125/R-32/R-161 (34%/15%/51%) as pseudo-fluids. The computational tool 
REFPROP 9.0 was used to generate thermo-physical property data tables for R-125/R-143a/R-161 (45%/40%/15%) 
and R-125/R-32/R-161 (34%/15%/51%). The data tables were set to not only include saturation pressure, density, 
specific heat and latent heat but also surface tension, viscosity and thermal conductivity.   Surface tension, viscosity 
and thermal conductivity are important parameters of the correlations utilized by the numerical model to calculate 
two-phase heat transfer and pressure drop.  Figure 3 show the estimated property information from REFPROP 9.0 




Figure 3: Experimental vs. NIST Estimated data of R-125/R-143a/R-161 (45%/40%/15%) for pressure, density, 
specific heat and latent heat 
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3.4 Thermal-Hydraulic Performance of R-125/R-143a/R-161 (45%/40%/15%) vs. R-404A and  
R-125/R-32/R-161 (34%/15%/51%) vs. R-22 
The largest average error (i.e. 8.17%) occurred when estimating density of the liquid phase of R-125/R-32/R-161 
(34%/15%/51%).  All other comparisons resulted in an average percentage error below 2.5%. Due to the relatively 
high level of agreement, the other remaining mixture properties predicted by REFPROP 9.0 (for which published 
values were not available) were regarded as sufficiently trustworthy. Table 3 lists the average percentage error 
between these experimental data and the REFPROP 9.0 generated data.   
 
Table 3: Average error (%) between experimental and NIST estimated property data  
 
 Pressure Density Specific Heat Latent Heat 
Refrigerant (L) (V) (L) (V) (L) (V)  
R-125/R-32/R-161 
(34%/15%/51%) 
1.78 % 0.52% 8.17% 1.17% 0.06% 2.44% 1.30% 
R-125/R-143a/R-161 
(45%/40%/15%) 
1.03 % 0.88 % 3.11% 1.03% 0.02% 1.95% 0.98% 
 
The thermal-hydraulic performance of a refrigerant can be characterized as the trade-off between cooling capacity 
(or heat flux) and pressure drop.  Thus, when evaluating new refrigerants against their existing counterparts, one set 
of metrics that is commonly used to make these comparisons involves the predicted cooling capacity and pressure 
drop. The evaporator geometry and inlet conditions chosen for this comparative study were a modified version of 
those listed in Qi et al. (2009).  This evaporator geometry and particular set of inlet conditions were chosen because 
the simulation results of Qi et al. (2009) during initial benchmarking resulted in the lowest error of all evaporators 
for which experimental data were available.  Detailed information regarding this evaporator geometry as well as the 
set of inlet conditions used to simulate the thermal-hydraulic performance of R-125/R-143a/R-161 (45%/40%/15%) 
vs. R-404A and R-125/R-32/R-161 (34%/15%/51%) vs. R-22 are listed in Table 4.  The channel width and channel 
height were varied during simulation to cover a channel hydraulic diameter range of 0.2 - 3.6 mm in 0.2 mm 
increments.  This range was chosen because it spans the channel hydraulic diameter range that describes 
conventional channels (Dh > 3 mm) and minichannels (3 mm ≥ Dh > 0.2 mm) as defined by Kandlikar and Grande 
(2003). The original channels of the evaporators used in Qi et al. (2009) were minichannels with Dh = 1.15 mm.  
Heat flux and refrigerant-side pressure drop were plotted versus channel hydraulic diameter at constant mass flux.  
Since the channel hydraulic diameter varied with each simulation, the refrigerant mass flow rate was also varied to 




Figure 4 shows the heat flux (W/m
2
) versus channel hydraulic diameter (mm) comparison for R-404A and R-125/R-
143a/R-161 (45%/40%/15%). In simulations where conventional channels were used (Dh > 3 mm), R-125/R-
143a/R-161 (45%/40%/15%) exhibited an average increase in heat flux over R-404A of 18.93%.  When 
minichannels were used (3 mm ≥ Dh > 0.2 mm), R-125/R-143a/R-161 (45%/40%/15%) exhibited an average 
increase in heat flux over R-404A of 19.98%. The maximum heat flux is achieved due to enhanced heat transfer 
associated with the large surface-area-to-volume ratio of minichannels. The minimum heat flux condition occurs 
when the heat flux is compromised by increased pressure drop for very small hydraulic diameters.  
 
Table 4: Evaporator geometry and inlet conditions used in the simulations 
 
Name Value Name Value 
Fin Thermal Conductivity (W/m-K) 236 Refrigerant Mass Flow (kg/s) Variable 
Thickness of Fin Material (m) 0.00016 Refrigerant Mass Flux (kg/m
2
s) Fixed 
Tube Length (m) 0.221 Air Mass Flow (kg/s) 0.082222 
Channel Width (m) Variable Refrigerant Inlet Temperature (K) 280 
Channel Height (m) Variable Refrigerant Inlet Pressure (kPa) - 
Tube Wall Thickness (m) 0.000075 Refrigerant Inlet Quality 0.35 
Number of Channels per Tube (m) 14 Air Inlet Temperature (K) 300 
Fin Length (m) 0.008 Air Inlet Pressure (kPa) 101 
Fin Pitch (m) 0.00137 Air Inlet Relative Humidity 0.5 
Louver Pitch (m) 0.0013 Number of Louver Banks per Fin 2 
Louver Length (m) 0.007 Number of Slabs 2 
Louver Angle (°) 33 Number of Tubes per Slab 24 
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Figure 4: Simulated heat flux (W/m
2
) vs. channel hydraulic diameter (mm) comparison of  




Figure 5: Simulated refrigerant-side pressure drop (kPa) vs. channel hydraulic diameter (mm) comparison of  
R-404A vs. R-125/R-143a/R-161 (45%/40%/15%). 
 
Figure 5 shows the refrigerant-side pressure drop (kPa) versus channel hydraulic diameter (mm) for R-404A and R-
125/R-143a/R-161 (45%/40%/15%). This plot shows the corresponding refrigerant-side pressure drop for each 
simulation performed in Figure 8. For simulations where conventional channels (Dh > 3 mm) and larger diameter 
minichannels (3 mm ≥ Dh > 1.2 mm) were used, R-125/R-143a/R-161 (45%/40%/15%) exhibited a similar 
refrigerant-side pressure drop when compared to R-404A. Significant differences in the refrigerant-side pressure 
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drop between R-125/R-143a/R-161 (45%/40%/15%) and R-404A, however, were observed in simulations involving 
smaller diameter minichannels (1.2 mm ≥ Dh > 0.2 mm).   The average increase in the refrigerant-side pressure drop 
of R-125/R-143a/R-161 (45%/40%/15%) as compared to R-404A for constant mass fluxes of 60, 80 and 100 
(kg/m
2
s) was 11.20%, 8.18% and 12.86%, respectively. As expected, the highest refrigerant-side pressure drop 
occurred in the small diameter minichannel range at the highest simulated mass flux and the lowest refrigerant-side 




The trend of increased heat flux at constant mass flux as channel hydraulic diameter decreases was also found when 
comparing the results of simulating R-22 and R-125/R-32/R-161 (34%/15%/51%).  For simulations when 
conventional channels were used (Dh > 3 mm), R-125/R-32/R-161 (34%/15%/51%) exhibited an average increase in 
heat flux over R-22 of 73.56%.  When minichannels were used (3 mm ≥ Dh > 0.2 mm), R-125/R-32/R-161 
(34%/15%/51%) exhibited an average increase in heat flux over R-22 of 51.42%.  Simulations that involved the 
minichannel range produced both the overall minimum and overall maximum heat fluxes. In terms of refrigerant-
side pressure drop, simulations of conventional channels (Dh > 3 mm) and minichannels (3 mm ≥ Dh > 0.2 mm), R-
125/R-32/R-161 (34%/15%/51%) exhibited a similar refrigerant-side pressure drop when compared to R-22.  This 
trend continued in simulations involving smaller diameter minichannels except at the highest mass flux condition 
where R-125/R-32/R-161 (34%/15%/51%) exhibited an average refrigerant-side pressure drop 3.5 kPa lower than 





A finite volume, steady-state evaporator model focusing on evaporator geometries that include minichannel and 
microchannel tubes with louvered fins was developed and validated. Model validation was performed using the 
experimental data drawn from four published studies. The average deviation between the predicted and actual 
cooling capacity from experimental data was 8.5% (n = 29).  The model slightly under-predicted the cooling 
capacity with about the same frequency as it slightly over-predicted the cooling capacity. The average deviation 
between the predicted and actual refrigerant-side pressure drop from experimental data was 16.5% (n = 26).  The 
accuracy of these predicted cooling capacities and refrigerant-side pressure drops was within the accuracy of the 
empirical correlations that were used in the model.  Based on these results, it was concluded that the developed finite 
volume model can be used to predict the overall cooling capacity and refrigerant-side pressure drop of microchannel 
and minichannel evaporators with a reasonably high level of accuracy.    
 
As noted above, R-125/R-143a/R-161 (45%/40%/15%) exhibited a higher heat flux than R-404A with only a small 
increase in the refrigerant-side pressure drop.  Similarly, R-125/R-32/R-161 (34%/15%/51%) exhibited a 
significantly higher heat flux than R-22 with a minimal difference in refrigerant-side pressure drop. It is important to 
note, however, that this increase in thermal-hydraulic performance of R-125/R-32/R-161 (34%/15%/51%) and R-
125/R-143a/R-161 (45%/40%/15%) as compared to R-22 and R-404A comes at the cost of a slight increase in 
flammability.  R-125/R-143a/R-161 (45%/40%/15%) contains 55% flammable refrigerant by weight, and R-125/R-
32/R-161 (34%/15%/51%) contains 66% flammable refrigerant by weight.  This stands in contrast to R-22 which is 





A Total heat transfer area (m
2
) Greek Symbols 
Af,total Total fin surface area (m
2
) Ω Tube angle (°) 
Ap,inner Inner tube surface area (m
2
) Φ Two-phase multiplier 
Ap,total Total outside surface   α Void fraction 
 area of one tube section (m
2
) ε Effectiveness 
Bo Boiling number  ηf Fin efficiency 
b Slope of air saturation curve (J/kg-K) ηo Overall surface efficiency 
C Chisholm parameter  ν Kinematic viscosity (m2/s) 
Cmin Minimum capacity rate (kg/s) ρ  Density (kg/m
3
) 
Co Convection number   
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D Diameter (m) Subscripts 
FFL Fluid-surface parameter  1   Inlet 
Fl Fin length (m) 2   Outlet 
f Fanning friction factor  a Air 
Fr Froude number  f  Fin 
G Mass flux (kg/m
2
-s) h  Hydraulic 
h Heat transfer coefficient (W/m
2
K) l  Liquid  
i Enthalpy (J/kg) lo  All-liquid 
j Colburn j-factor  m   Mean 
k Thermal conductivity (W/(m-K)) r Refrigerant 
ml Fin parameter  s Saturation 
Q Cooling Capacity (W) sp Single-phase 
t Thickness (m) tp Two-phase 
V Velocity (m/s) v Vapor 
U Overall heat transfer  (W/(m
2
-K)    w Water 
 coefficient  
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